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The problem of the relation between toxicity, resistance of  organ- 
isms to noxious agents, and time at which the expected event occurs, 
can be considered from two aspects.  Under the usual experimental 
conditions the action of a destructive agent is observed on a group of 
organisms  and  therefore,  as  with  any  collective  phenomenon, the 
order of events (that is, in the present case the shape of the mortality 
curve) is the most conspicuous attribute of the phenomenon.  Several 
authors, interested in this problem, have believed that the number of 
organisms present in the group actually determined the rate at which 
the organisms died (1-10).  Another  group  (11-17)  of investigators 
focused interest on the fundamental phenomenon, considering the rela- 
tion between toxicity, resistance, and time of survival as though only 
a single organism were involved.  They attribute the particular shape 
of the mortality curve to  a  particular distribution of the resistance 
among the individuals.  Both aspects have been discussed extensively 
in the literature.  Many theories and equations have been proposed 
none of which seems to agree with all the different types of experi- 
ments.  It  appears  superfluous to  review the literature,  for  several 
extensive reviews of the subject have been published lately  (18-21). 
All theories which assume that the number of organisms present in the 
system influences the fundamental process must be  rejected on the 
basis that the action of an agent on one organism (e.g.,  higher animal) 
must be independent from that on another, provided that the agent 
is present in sufficient quantities not to be used up to an appreciable 
extent in  the process.  Those who believed that  the peculiar death 
order of organisms is due to individual differences in  the resistance 
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of the organisms, had to assume a peculiar distribution of the resistance 
and even then it could not be explained why sometimes a more or less 
symmetrical distribution of the survival time of the organisms changes 
to an asymmetrical one, when the strength of the destructive agent 
is changed. 
An explanation for this was sought in the fact that the fundamental 
relation  between  toxicity,  resistance,  and  time  is  not  necessarily  a 
linear  one.  Thus,  even  if  the  resistance  showed  a  normal  (sym- 
metrical)  variation,  the  distribution  of  the  survival  time  might  be 
asymmetrical.  A  general  equation,  describing  the  fundamental 
relationship, has been derived and set forth in a preliminary paper (22). 
It is based on the experimental fact that toxicity has a threshold value 
which can  be  considered as  corresponding to  a  state  of equilibrium 
(stationary state) between toxicity and resistance and on the assump- 
tion  that  the  variation  of  the  time  is  proportional  to  the  relative 
variation  of the  difference between toxicity and resistance.  Among 
the equations which have  been proposed to account for the relation 
between toxicity, resistance, and time of survival (Deyer and Walker 
(23)  (cf.  the  criticism  offered  by  Glenny  (24)),  Powers  (25),  Car- 
penter (26), Ponder (27))  there are some which are non-linear.  That 
of Ponder (27)  resembles most nearly the equation given in the pre- 
liminary paper.  However,  differences in the two equations seem to 
account  sufficiently  for  differences  in 
equations.  In  more  recent  papers 
first equation for a  new one which is 
applicability. 
Special forms of the equation given 
liminary  paper  are  developed  below. 
independent  variables;  resistance  (r), 
temperature  (T),  and experiments can 
them vary and two remain constant. 
the  applicability  of  the  two 
Ponder  (28)  abandoned  his 
claimed to  have more general 
in a  general form in the pre- 
There  are,  altogether,  four 
toxicity  (h),  time  (t),  and 
be  so  conducted that two of 
In addition, to each value of 
resistance,  there corresponds a  number of organisms (the percentage 
killed)  expressing the probability that any one of the organisms has 
a resistance equal to or lower than the one in question.  The following 
combinations of  the  four  variables  are  selected  for  the  test  of  the 
theory: L.P.EI~mR  411 
(1)  The resistance and the time vary while the temperature and toxicity are 
kept constant  (cf.  Section II below).  (a)  A  resistance value can be calculated 
from the  time  which is  required  to kill  a  certain  number of organisms.  The 
resistance of the organisms kUled in this time is lower than, or at most, equal to, 
this value.  The percentage of organisms killed can now be plotted against resis- 
tance instead of time and the shape of the curve thus obtained can be analyzed. 
It will be demonstrated (Section II) that, as far as one can judge from experiments 
involving a  large error,  the mortality-resistance curves correspond to a  normal 
frequency distribution even in cases in which the mortality-time curves are asym- 
metrical.  (b) It will also be demonstrated by means of an ideal example that if 
one attributes to the resistance of an organism values which vary around an arbi- 
trary average according to the probability rule, times of survival can be calculated 
on  the  basis  of the  theory.  Percentage  mortality  plotted  against  these  time 
values will show the same peculiar order of death of organisms as do the experi- 
mental curves.  Furthermore, it is shown in ideal examples (which will be referred 
to in the future as "theoretical curves") that an increase of toxicity decreases the 
asymmetry as it does in experimental  cases.  (2)  It is of great interest  to test 
the theory on cases which are not complicated by statistical phenomena.  Such 
cases are those in which the resistance is kept constant (cf. Section III).  There 
are many experiments available in which the resistance and the temperature are 
kept  constant  while  the  toxicity and  time of survival are varied.  To be able 
to test the theory in these combinations it is necessary to assume a relation between 
the toxicity of an agent and its concentration.  It is obvious that whatever this 
relation may be, it must approach a linear relation if the variation is limited to a 
sufficiently  small  range  of  concentration.  For  larger  ranges  of  concentration 
the theory gives good agreement with the experiments if it is assumed that for 
unicellular organisms the toxicity is proportional to the adsorbed amount of the 
agent.  (3)  Cases are discussed in which the time and the temperature are kept 
constant and the toxicity  (concentration of the toxic agent)  and the resistance 
vary (cf.  Section IV).  In consequence the mortality changes with  the concen- 
tration.  (4)  The relation between time of survival and temperature  is studied 
in cases in which the toxicity and resistance are kept constant (cf. Section V). 
A simple relation between dose and toxicity for higher animals has so far not 
been found.  In this paper the test of the theory has been restricted to the action 
of various agents on uniceUular organisms. 
I.  The Fundamental  Relationships 
Most  of  the  different  equations  which  have  been  proposed  to 
express the relation between toxicity and the resistance of an organism 
do not account for the fact that at a  certain, still finite value of toxicity, 
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infinite)  (assuming  an  ideal,  otherwise  non-noxious  environment). 
To  account  for this  one  has  to  assume  that  the  noxious power (h) 
and  the  resistance  (r)  are  in  a  state  comparable  to  an  equilibrium 
when the survival time becomes infinite in spite of the fact that the 
noxious power  is  greater  than  zero.  In  other  words,  the  threshold 
value of toxicity is  determined by the  equilibrium.  The  parameter 
on  which  the  time  depends  can  be  considered  as  the  difference 
between noxious power and resistance and the equilibrium (or station- 
ary  state)  may be  characterized  by-- 
~=h-r=O;  t= co 
This condition is fulfilled if 
f  1 
The simplest assumption about the function f  is that the variation of 
the time is proportional to  the  relative variation of the parameter 
(the difference between toxicity and resistance).  Thus 
d~  d(h -- r) 
(1)  dt  =  -  a--  -~  -a-- 
h--r 
and by integration 
(2)  t=--aln~+K=--aln(h--r)+K 
where a  and K  are constants.  K,  the integration constant, fixes the 
zero point of the time scale and a  has the character of the reciprocal 
of a  velocity constant.  It determines the specific effect of the param- 
eter ~ on the  time in any  special  case.  The  actual  numerical  value 
of  these  constants  naturally  depends  on  the  units  in  which  time, 
disinfecting power,  and resistance  are measured. 
x The acceptance  of the "phenol coefficient" as a relative  measure of the dis- 
infecting power involves the assumption that the time required to kill is inversely 
proportional  to the disinfecting power and proportional  to the  resistance.  This 
relation  has also been  used by Reichel  (29).  It is, however,  untenable for,  if 
it were true, the same time of survival should correspond to a given ratio of re- 
sistance and disinfecting power regardless of the organism or agent used.  It will 
be shown that this is not the case. L.  ~x~mg  413 
II.  The  Variation  of the  Time  with  the  Variation  of the Resistance  If 
the  Temperature  and  Toxicity  Are  Kept  Constant 
(a)  As a  first application of Equation  2, the variation of the resis- 
tance should be calculated for a given variation of the time in the case 
of  constant  disinfecting  power  and  constant  temperature.  Since 
there is no way to determine independently the resistance r  which is 
defined by Equation  2,  Equation  2  cannot be tested directly in this 
combination of the variables.  It is, however, of interest to compare 
the  relation  between  percentage  mortality  and  resistance  with  that 
of percentage mortality and  time and  see  whether or not the  asym- 
metry characteristic of the  mortality-time  curves will persist in  the 
mortality-resistance  curves.  The  comparison  is  easily  achieved 
graphically  by  plotting  the  percentage  mortalRy  first  against  the 
time  and  then  against  the  resistance  calculated  from  the  observed 
time  by means  of Equation  2.  To calculate r  Equation  2  must be 
transformed so that K  is expressed with  arbitrary values of t  and r 
However, for t  =  0, r  may be  -  ~.  Therefore, it is most convenient 
to select for the fixed point the median time, tm,d., and the correspond- 
ing median resistance, rmod..  The relation of any other t to any other 
r  can  be  calculated  if Equation  1  is integrated  between  treed, and  t, 
that  is between  r mod. and  r. 
fr~a. d(k -  r)  k -  r 
treed'dr  =  Jrl  h -- r  ; treed. -- t = a In --  ----  a' In (h' -- r')  (3)  -  a 
Jt  ]~ ~  t'med. 
The median time can be defined in the following way: Let us imagine the organ- 
isms to be arranged according to their resistance and then divide the entire group 
of organisms  into two groups of identical size.  The median time is  the  time 
during which the last organism of the group, thus arranged, containing the lower 
resistances,  would die, but the first organism  of the group containing the larger 
resistances,  would survive.  The median resistance  is the corresponding  value of 
resistance.  The median time can be determined graphically.  In view of the 
fact that, in some of the experiments, records of determinations around the median 
time are very scarce,  and since this would  make the graphic evaluation of the 
median time somewhat arbitrary, it seemed preferable in such cases to use the 
statistical average instead of the median.  This was calculated in the usual way. 
The total number of organisms  dying in each time interval was multiplied with 
the mean of this time interval, these products were summed, and the sum divided 
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is also designated by treed, in the formulas and tables, thus indicating  that the 
correct procedure would be to use the median time if there were a  sufficiently 
accurate method for its evaluation. 
It must be emphasized that a' values obtained by using Equation  3 
are  different  for  different  concentrations  of  the  toxic  agents.  Since 
the  value of a  depends  on  the  units  in  which  h  and  r  are  measured, 
the values of a' will depend on h  -  r~,.d.,  whereas a is independent of 
this  entity.  The  values  of  a  and  a'  will  be  numerically  equal  if 
h  -  rmod. equals unity.  The a' values can be calculated on the basis 
of  the  assumption  that  the  distribution  of  r  is  symmetrical around 
r~od..  Whence 
(4)  h--to  -- 2(h -- treed.);  treed.  =  a r  In 2; and a p ~  t=~a.  0.6931 
Values  for  a  must  be  estimated  from  experiments  in  which  r  (e.g., 
the  maximum  probable  resistance  of  a  group  containing  a  certain 
number of organisms)  is  constant  and  h  (e.g,,  the  concentration  of a 
disinfecting agent)  is  varied.  Mortality-resistance  (r')  curves,  ob- 
tained for different concentrations of the toxic agent, would, according 
to  the  theory,  all  be  identical  if  a' were  used  for  the  calculation  of 
h'  -  /.  If, however,  a  is used for all concentrations  the  interesting 
effect  of  the  concentration  of  the  toxic  agent  on  the  shape  of  the 
mortality-time and  mortality-resistance  curves becomes apparent3 
Values  which  were  calculated  from experiments by Henderson  Smith  (30) 
on the action of 0.4, 0.5,  0.6,  and 0.7 per cent of phenol on Botrytis  spores are 
given in Tables I to IV and Figs.  1 to 3.  The value a' was taken as treed./0.6931 
from the experiment with 0.4 per cent phenol and was used also for higher concen- 
trations.  In Section III the same value was assigned  to a  for the calculation 
of the  time and  calculation of the  median  resistance with satisfactory results. 
It will be seen that in accordance with what has been said about the conditions 
under which  a' equals a, rmod. is about 0.2  in terms of concentration of phenol, 
that is, about half of the concentration  (0.4)  for which  a' has been calculated. 
If for example, the  disinfecting  power is expressed in  units  of the  median 
resistance, a' and a should be identical whenever the disinfecting  power is double 
the  resistance.  Thus,  a  can be evaluated  according to Equation  3  from that 
mortality-time curve in  which  the  disinfecting  power is practically  the  double 
of the  average resistance.  The value of a has been thus calculated in Tables I 
to IV and used for the calculation of mortality-resistance curves. L.  REINER 
TABLE  I 
Action of 0.4 Per C~  Phenol on Botrytis Spores (30) 
a  =  91  ~,,d.  =  92.9 rain. 
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mln. 
30 
50 
70 
8O 
90 
I00 
II0 
120 
130 
140 
150 
160 
170 
treed.  -- t  * 
1.995 
1.603 
1.288 
I.  153 
1.032 
O.  926 
0.827 
O.  743 
0.665 
O.  596 
O. 533 
0.478 
0.428 
Spores killed 
~cent 
0 
7.1 
17.2 
34.1 
~.7 
61.7 
~.7 
75.8 
~.3 
92.7 
94.6 
96.9 
98.2 
* The variation of these  values  (occurring in Tables I  to  VI)  is proportional 
to the variation of the resistance but has the opposite sign.  They are equal to 
k--  r 
The  latter  expression  was  used  for  the  corresponding  columns  in 
h  ~  freed." 
Tables VII and VIII (of.  Equation 3). 
TABLE  II 
Action of 0.5 Per Cent Phenol on Botrylis Spores (30) 
a  =  91  treed. =  49.91 rain. 
m/n. 
0 
20 
40 
6O 
8O 
100 
120 
140 
160 
tmed.  -- | 
1.714 
1.390 
1.113 
0.893 
0.718 
0.577 
0.463 
0.371 
0.298 
Spores killed 
per ce~ 
0 
5.4 
26.9 
71.1 
91.6 
97.7 
98.1 
99.2 
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The numerical value of a' is therefore here approximately the same as that  of a. 
A  closer approximation could be attempted  only if the experimental errors were 
smaller.  In  Figs.  1  to  3,  the  percentage  mortality  is  plotted  against  the  time 
and against h'  -  r', that is, the resultant toxicity, which varies like the negative 
TABLE  III 
Action of 0.6 Per Cent Phenol on Botrytis Spores (30) 
a  =  91  tmed. =  13.57 min. 
0 
3 
6 
9 
12 
15 
18 
21 
24 
27 
30 
treed.  --  l 
a 
1.162 
1.125 
1.088 
1.051 
1.018 
0.983 
0.953 
0.923 
0.894 
0.863 
0.836 
Spores  killed 
per cent 
0 
4.7 
6.7 
23.4 
33.4 
54.7 
83.2 
86.2 
97.4 
99.2 
99.6 
TABLE  IV 
Action of 0.7 Per Cent Phenol on Botrytis Spores (30) 
a  =  91  treed. =  2.92  rain. 
rain. 
0 
1.5 
2.5 
3.5 
4.8 
8.0 
11.25 
lined.  --  l~ 
1.033 
1.017 
1.005 
0.994 
0.980 
0.946 
0.913 
Spores killed 
per ¢e~tl 
0 
28.7 
47.9 
64.0 
80.8 
97.9 
98.4 
value of the resistance (-r')  when h' is constant.  Points corresponding  to  tmea. 
and r~a.  were made to coincide.  Increasing times as well as decreasing h'  -  r' 
values  (analogous  to  increasing  resistance)  were  plotted  on  the  abscissa.  The 
asymmetry of the mortality-time curve as compared with the mortality-resistance L.  REINER  417 
curve is demonstrated by the fact that to the left of the median line as well as 
to  the  right  of the  median  line  the  mortality-time  curve is  always below the 
mortality-resistance curve which is practically symmetrical.  Figs. 2 and 3 show 
that the difference between the two types of curves becomes more and more neg- 
ligible  if h' increases, due to the fact that the variation of the resistance becomes 
negligible  as  compared  to  the  difference  between  toxic  power  and  resistance. 
Pet" cent 
100 
80-- 
6C--  /o 
/ 
40-- 
20-- 
t  Toxicity rain  .us 
1.88  x..  .24  1.08  100 0.92  0.78 0.60  0.44 resistance 
I  I  I  I  I  I  I  I  I  I 
0 ~n.13.7  28.1  41.5  56.9  71.3 85.7 I  107.3 121.1  136.1 150.5 1849 
92.9 
Time 
Fio.  1 
FIcs.  I, 2, and 3.  Curves showing that asymmetrical mortality-time curves 
(  ), obtained from experiments  on Botrylis  spores (30) with  different  con- 
centrations of phenol  (0.4,  0.5, and 0.7 per cent) become symmetrical (  .....  ) 
tmed.  --  1 
if the mortality is plotted against e  a 
The curves become steeper in agreement with the fact that the relative deviation 
is smaller, that is, the precision is greater. 
There  is  a  slight  asymmetry  noticeable  in  the  mortality-resistance  curves. 
This is due to systematic errors for which no correction has been made.  It was 
noted by Smith, and is probably true for most experiments of this type, that a 
certain number of spores die during the time of an experiment, even though they 
are not in contact with phenol.  This spontaneous death of the spores amounts ,Pep  cent 
I00 
80-- 
60-- 
m 
Z 
/ 
20  --  /// 
1.32 
--.<~"  ].t6  1.00 
0 >~-'~  i  I 
l'Iin. ~1.1  ~.5  49.9 
Toxtctty  minas 
0.84  0.68  0.52  0.3(~  0.Z0  resistance 
I  I  I  I  I  I  I  I  I 
54.3  68.7 8,11  97.5  I11.9 126.3  M0.7 
Time 
Fzo. 2 
Pcr cent 
100 
Z 
80-- 
6C-- 
4G-- 
20  m 
1.32  118 
ONin. 
Toxicity  minus 
Peslstance 
10  0.84 0.68 
2.92  J7.3 
Time 
Fzo.  3 
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to 10 to 20 per cent in some cases.  In time intervals in which the death rate due 
to the action of the disinfectant is small (as at the beginning of an experiment) 
the spontaneous death rate may cause a great error? 
In Table V, values are given which were calculated from Chick's (4 b) experi- 
ments on phenol and staphylococci.  The corresponding curves in Fig. 4 show the 
difference in the symmetry of the two types of curves very distinctly. 
Still greater is the difference between mortality-time and mortality-resistance 
curves in the case of the action of heat on  anthrax  spores.  The  experimental 
values for this were obtained from experiments by Reichenbach (14 b). 
TABLE  V 
Action of 0.6 Per Cent Phenol on Staphylococci (4b) 
a  =  8.3  lined. =  5.73 rain. 
mln. 
0 
1 
3 
4 
5 
6 
7 
8 
9 
10 
12 
15 
t,  med.  --  t 
1.99 
1.77 
1.39 
1.23 
1.092 
0.974 
0.858 
O. 761 
O. 674 
O. 598 
0.470 
O. 328 
Killed 
~er c¢~ 
0 
6.9 
14.3 
21.8 
41.8 
55.4 
67.2 
79.8 
83.4 
87.2 
96.3 
98.2 
(b) On the basis of the assumption that the resistance distribution follows the 
rule of probability, the mortality-time curve can be constructed with the aid of 
Equation 3.  If the average resistance of a  group of bacteria is taken equal to 1 
and  the actual resistance of individual organisms is assumed  to vary between 
4- oo  according to Gauss' probability rule with the precision 1, the probability p 
that all the organisms possess the resistance r can be obtained from Gauss' proba- 
bility curve3  The probability that organisms in p fraction of the bacteria possess a 
a The existence of this systematic error was pointed out by Yule (31).  It must 
be emphasized, however, that it does not account quantitatively for the deviation 
of the mortallty-time curves from the normal binomial distribution curves; e.g., 
it could not account for the fact that a  certain number of organisms survive in a 
solution having a  definite concentration of a  disinfecting agent. 
4 The table given in Czuber's Wahrscheinlichkeitsrechnung (Leipsic and Berlin, 
G. B. Teubner, 3rd edition, 1914)  was used to obtain the values for this purpose. 420  TOXICITY~ RESISTANCE~  AND  TIME  OF  SURVIVAL 
resistance equal to or less than r is then 1.  Thus, the probabilities  wiU be the measure 
of the percentage of organisms killed  and to each probability  there will belong a resist- 
ance r obtainable from Gauss' curve.  If this value is substituted in Equation 2, where 
h is expressed in multiples of rmoa. (that is, it is measured arbitrarily in units of 
rmed.) and if a  =  1, the time can be calculated in units (multiples) of a.  It is now 
possible to plot the probabilities (that  is, percentage mortality) against h'  -  r' 
(analogous to plotting against negative resistance) and against in (h ~ -  r')  (which 
Pet, cent 
100 
80 
6O 
~0 
40 
20 
1,00  X  ~  O'S 
r'  ~l"L/f  I  Toxicity minus 
1.88  ~1"  124  1.08  0.gZ  0.75 0.60  0.44 eel[stance 
I  I  I  I  I  I  I  I  I 
O~Iin.-  ~  1.06  ~.39  3.73  5.06t  6.40  7.73  9.07 IO.LIO 11.74 
6.73 
Time 
FIo.  4.  Curves  showing  that  asymmetrical  mortality-time  curve  (  ) 
obtained  from  an  experiment on  0.6  per cent  phenol  with  staphylococci  (4/)) 
treed.  --  t 
becomes symmetrical if the mortality is plotted against e  a  ( .....  ). 
is  proportional to  the  time)  as was  done  with  the  experimental values.  The 
points corresponding to tmea.  and rmoa.  are again made to coincide on the abscissa 
and h'  -  r ~ is allowed to decrease from the left to the right, whereas t is allowed 
to increase in the same direction. 
Calculations were carried out in the manner  described, first setting h  =  2.5 
and treed.  =  1 and then setting h  =  10 and rm~a.  =  1.  The results are given in 
Tables VII and VIII and illustrated in Figs. 6 and  7.  Naturally the percentage L.  REI.NER  421 
TABLE  VI 
Effect Produced  on A nthrax Spores by a Temperature of 87°C.  (14b) 
a  =  16.1  tmod. =  11.2 rain. 
m/n. 
1 
2 
5 
10 
15 
20 
30 
45 
63 
90 
treed.  --  t 
e  a 
1.882 
1.765 
1. 471 
1.078 
0. 791 
0. 580 
0.312 
0. 123 
0.040 
0.007 
Spores  killed 
per cent 
0 
9.54 
39.04 
53.14 
74.24 
87.14 
95.47 
99.32 
99.90 
102.14 
// 
Per cent 
i00 
80-- 
6O 
4C 
2Z 
0 
t'~' 1.40  0.60  0.80  Toxicity minus •esistance 
L__k_ 
fin.  5.2  11.2  1"/.2  23.2  29.2  ~.~  4t.2  ~t7.2  53.2  59.2 
Tiro.~ 
FIa.  5.  Curves  showing  that  asymmetrical  mortality-time  curve  (  ) 
obtained from an experiment on the effect of heat on anthrax spores (14b)  becomes 
lmed.  -- 1 
symmetrical if the mortality is plotted against  e  "  ( .....  ). TABLE  VII 
Variation of the Time Calculated on the Basis That the Disinfecting Power is Constant 
and the Resistance Varies According to Probability 
h  =  2.5  rmea. =  1.0 
--0.40 
--0.20 
0.0 
+0.20 
+0.40 
+0.6O 
+0.8O 
+1.00 
+1.20 
+1.4O 
+1.60 
+1.80 
+2.O0 
+2.40 
h--f 
h  -- treed. 
1.933 
1. 800 
1.667 
1.533 
1.400 
1.269 
1.133 
1.000 
0.867 
O. 733 
0.600 
O. 467 
0.333 
O. 067 
in  h--r 
h  -- freed. 
O. 662 
O. 588 
0.510 
0.427 
O. 337 
0.237 
O. 125 
0.000 
--0.143 
--0.311 
-0.509 
--0. 763 
-1.100 
--2. 705 
Killed 
per ce~ 
2.38 
4.48 
7.86 
12.89 
19.80 
28.58 
38.86 
50.00 
61.25 
71.42 
80.2 
87.11 
92.14 
97.62 
TABLE  VIII 
Variation of the Time Calculated on the Basis That the Disinfecting Power is Constant 
and  the  Resistance  Varies According  to  Probability 
h  =  10  treed.  =  1.0 
--1.50 
--1.00 
--0.60 
-0.40 
--0.20 
0.00 
+0.20 
+0.40 
+0.60 
+0.80 
+1.00 
+1.20 
+1.40 
+1.60 
+1.80 
+2.00 
+2.20 
+2.60 
+3.00 
hRf 
h  -- treed. 
1.278 
1.222 
1.179 
1.156 
1.133 
1.111 
1.089 
1.066 
1.046 
1.022 
1.000 
0.977 
0.955 
0.933 
0.911 
0.889 
0.867 
O. 822 
0. 778 
in h  h  -- r 
-- fm~l. 
0. 246 
0.204 
0.164 
0. 143 
0.125 
0.105 
0.085 
0.064 
0.045 
0. 022 
0.000 
--0.023 
--0. 046 
--0.069 
--0.093 
--0.118 
--0.143 
--0.196 
--0.251 
Killed 
per ce~t 
0.02 
0.23 
1.18 
2.38 
4.48 
7.86 
12.89 
19.80 
28.58 
38.86 
50.00 
61.13 
71.42 
80.20 
87.11 
92.14 
95.52 
98.82 
99.76 
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FIG. 6 
FIos. 6 and 7.  Curves showing that symmetrical curves ( .....  ) corresponding 
to a variation of the resistance according to the probability law (Gauss)  become 
k-r 
asymmetrical if the probability (percentage mortality) is plotted against In 
k --rm~. 
(  ).  This expression according to Equation 3 is proportional to time.  In 
Fig. 6, h  =  2.5, in Fig. 7, h  =  10, and r  =  a  --  1.  Comparison  of Figs. 6 and 
7 shows that the asymmetry apparently decreases if h increases. 
Per cent 
100  r 
80-- 
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e~ 
40-- 
T~icity minus 
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-  t40  L00  0.60  0.20 
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tmed-t 
FIG. 7 
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mortality (probability  of the resistance)  plotted against h' -  r' shows in both 
cases perfect symmetry.  The  percentage  plotted against in(h'  -  r'), that is, 
against values which according to Equation 3 are proportional  to the time, re- 
sults in an asymmetrical  curve.  The asymmetry is greater if h  = 2.5r~oa. and 
less if h  =  10treed.  ,  for the relative  variation of the difference h'  -  r' is smaller 
in the second case than in the first one.  This is an effect, as was previously 
pointed out, which is known to persist with disinfection rate curves. 
III.  Variation of the Time of Survival with the Variation of the Toxicity 
If the Resistance and Temperature Are Kept Constant 
(a)  It  is  obvious  that  the  relationship  between  time,  resistance, 
and toxicity proposed above as an explanation for the asymmetry in 
the  mortality curves of organisms exposed to  a  noxious agent must 
also be valid in cases where one is not dealing with a  collective (statis- 
tical)  phenomenon.  It  ought  to  be  applicable  in  cases  where  one 
deals  with  a  single  organism  or  a  group  of  organisms  with ideally 
constant  resistance  and  also  in  cases  where  one  considers  only one 
particular organism present in a  group; e.g., the one which possesses 
the  median  resistance  or  the  maximum  resistance.  A  great  many 
experiments of  the  latter  type are  available  in  the  literature.  The 
application of Equation 2 to some of these cases will now be discussed. 
Experiments were selected so that the various noxious agents are very 
different  in  their  chemical  nature.  The  organisms  used  in  these 
tests  are  also  of very  different nature  but  all  are  unicellular.  If r 
is kept constant  (rh) and h  varies, Equation  2  can be written in the 
following way: 
hi  --  rh  t,,  --  tt 
(5)  a  In h~  --  r---'~ = 
and solving for rh one  obtains-- 
t~  --  h 
&  --  h,,e  a 
(6)  rh  --  t.  -  a 
1--e  a 
In order to apply Equation  5  to experimental values,  h  has to  be 
expressed  as  a  function  of  the  concentration.  While  this  function L. REI~R  425 
is not known so far, one can assume, for sufficiently small variations 
ofh, thatAh  NAc,  and 
In C1  --  f'c  (7)  a  =t.-t, 
Cs  --  ra 
where c means concentration. 
Equation 7 is similar to one proposed by Ponder (27).  The validity 
of Equation 7 is restricted to cases in which h  ~  c, or to a  range in 
which A h  N  A c.  To  calculate a  one takes experimental values in 
which t. is very large.  In these experiments 1~ is nearly equal to r 
for  h  approaches  r  if  t,  approaches  infinity.  In  practical  cases  it 
suffices to select experiments in which t, equals a few hundred minutes 
in order to obtain an r  value which differs from the correct one by 
but a  few per cent at the most.  a  can then be calculated from two 
other experimental values according to  the formula: 
t.  --  tx 
In h~ -  r~ 
h.  i- r~ 
orifh  =c 
In c~  --  re 
Cn  --  Ye 
After  having  thus  obtained  a  the  remaining  experimental  values 
obtained for other concentrations of the toxic agent can be  used to 
calculate rh according to Equation 6, or if h  can be taken as propor- 
tional to c, according to the analogous equation-- 
--tt 
Cl  --  Cn~  a 
(8)  r,=  ~_,~, 
1--ea 
The average of the r  values thus obtained from a  set of experiments 
can  be  used  to  recalculate  a  and  the  corrected  values of r  can  be 
obtained,  and  so  forth.  If  experimental  values  for  long  survival 
times are not available, a  and r will first have to be estimated. 426  TOXICITY,  RESISTANCE~  AND  TIME  OF  SURVIVAL 
The median resistance of Botrytis spores against phenol was calculated in the 
manner described from experiments by Henderson Smith (30).  It was found 
that  the  median resistance obtained  from experiments with  different phenol 
concentrations is, as expected, fairly constant.  The survival time (cf. Table IX) 
was calculated with the aid of the average of the median resistance.  The agree- 
ment between the calculated and experimental values is satisfactory with the 
exception of the value corresponding  to the highest concentration and the shortest 
survival time. 
TABLE  IX 
Action of Phenol on Botrytis Spores (30) 
Calculation of the average resistance and of the time according to Equations 
7 and 8. 
a  =  91 
tme  d.  t  'reed. 
c  (found)  (calculated)  (from 1 and rJ) 
~er ce~ 
0.4 
0.5 
0.6 
0.7 
mln. 
92.9 
49.91 
13.57 
2.92 
ra/n. 
49.6 
20.1 
--1.74 
0. 232 
0.256 
0.222 
Average rm~. --- 0.237 
Concerning  the  relation  between  concentration  and  disinfecting 
power, it seemed justifiable to assume that the first step of the process 
is the fixation of the agent on, or its entrance into, the cell.  Since 
the cell represents  a  heterogeneous phase and since the experiments 
suggested that the accumulation of the agent in the cell is not propor- 
tional to the  concentration, as it ought to be  if the process follows 
the  laws  prevailing  in  solutions,  it  seemed  proper  to  consider  the 
possibility that the accumulation of the agent is due to its adsorption 
by the cell.  If this were really the case, toxicity might be proportional 
to the adsorbed amount of the toxic agent throughout a  fairly large 
concentration range.  It  was  assumed  that  the  function describing 
the relation between the toxicity and concentration, is similar to the 
well known type of function which describes the relation between the 
concentration and the amount adsorbed by a  heterogeneous phase. 
According to Langmuir (32),  the amount (A) adsorbed by a  square 
centimeter of a substance is 
K1K~c 
A---- 
K~c +  1 L. ~n~  427 
If/z is proportional to A  it should also be proportional to c  where ~, 
c-F7 
1 
=  --.  It is obvious that  if 7  is sufficiently large, or if the variation 
Ks 
of the  concentration  is sufficiently small Ah-~ Ac and thus for a  small 
range  Equation  5  can  be  used.  However,  by  putting  h  =  c 
cnU-r 
in Equation  5  one obtains Equation 9  which has a  much wider range 
of applicability as can be seen from the examples given below. 
and 
C1 
(9)  c1+~ 
6. 
rh 
¢-q-7 
C1  C.  tn--tl 
cl ~  7  c~ +  7 
(10)  rh--  t.-a 
1--e  a 
7  could  be  calculated  from the  adsorption  isotherm of a  toxic agent 
onto  a  given  organism,  if  this  were  known.  These  isotherms  have 
not been determined so far, hence ~  must be estimated. 
In Table X  and Fig. 8, data are presented which were calculated from experi- 
ments by Chick (4a) and  by Watson (33) on the action of phenol on B. para- 
typhosus.  Since  the range of concentration used in this set of experiments was 
small, both methods of calculation  (that according to Equations 9 and  l0 and 
that according to Equations 7 and 8) yield equally satisfactory agreement with 
the experiments. 
Experiments by Chick (4a) on the action  of silver nitrate on B. paratyphosus 
are given in Table XI and Fig.  9.  The time and the resistance were calculated 
according to Equations 9 and 10.  In spite of the fact that the range of concen- 
tration used in these experiments is very large, the agreement between calculated 
and  observed values is satisfactory.  Calculations  on the  basis of Equation  7 
did not give constant values for the resistance and if the extrapolated threshold 
concentration was taken as equal to the resistance, the calculated times showed a 
considerable systematic deviation from the experimental values. 
In the case of the action of mercuric chloride  on B. paralyphosus, according 
to experiments by Chick (4a), experimental values and calculated values agree TABLE  X 
Action of Phenol on B. paratypkosus  (33) 
Calculation of the time according to Equations 7 and 9,  and of the resistance 
according to Equations 8 and 10. 
Disinfecting power  taken proportional to concentration  (to and re). 
Disinfecting power  taken proportional  to  the  adsorbed amount  (th and  rh). 
a  =  150  q,  =  0.5  re =  0.498  rh =  0.499 
pet Ce~k~ 
0.800 
O. 750 
0. 700 
0. 650 
0.600 
0.550 
0.500 
Cn  hn  = 
0.615 
0.600 
0,583 
0,565 
0,545 
0,523 
0.500 
t 
(found) 
mln. 
45 
75 
105 
125 
225 
44O 
690 
~e 
(calculated) 
rain. 
72 
105 
148 
208 
309 
797 
& 
(cale~ated) 
rain. 
65 
93 
129 
184 
281 
760 
fe  fh 
0,523  0.529 
0. 474  0. 506 
0.298  0.443 
0.548  0.523 
0.534  0.517 
0.489  0.494 
Per  cent 
0.80 
"8 
¢0 
0.62 
0.56 
O 
0'50Hire.  160  320  480  640  800 
Time 
FIG. 8.  Curve showing the relation between concentration and time of survival 
for the case of phenol and B. paratypkosu,~  (33). 
o  =  experimental  values. 
x  =  calculated values; disinfecting power taken as proportional to the  concen- 
tration.  Equation  7,  a  --  150  rc  --  0.498. 
T  =  calculated values; disinfecting power taken as proportional to the adsorbed 
amount.  Equation 9,  ~  =  0.5  a  =  150  r~  =  0.499. 
428 TABLE  XI 
Action of Silver Nitrate on B. paratyphosus (4a) 
Calculation of the time according to Equation 9, and of the resistance according 
to Equation 10. 
Disinfecting power taken proportional to  the adsorbed amount. 
a  =  70  "r =  0.0001  rh =  0.400 
per ~ent 
0.085 
0.017 
O. 0085 
0.0017 
0.00085 
0.00017 
0.000085 
Cn  h,, 
O. 9988 
O. 9941 
O. 9883 
O. 9444 
O. 895 
0.629 
O. 459 
t 
(found) 
0.75 
1.5 
2.5 
6.5 
22.5 
56.0 
140.0 
th 
(calculated) 
mln. 
1.3 
2.0 
7.4 
14.0 
68.1 
163.2 
rh 
0.56 
0.75 
0.43 
0.75 
0.41 
0.43 
O  o 
eL 
0- 
0 
O.ff  --- 
OlZ7  -- 
O.085  - 
0.043  - 
0.00085  Nm"  40'  I  i  I  t  t,  I 
80  120  160  200 
Time 
FIG. 9.  Curve showing the relation between concentration and time of survival 
for the case of AgNOa and B. paratyphosus (4a). 
o  =  experimental values. 
x  =  calculated values (Equation 9).  ~/  =  0.0001  a  =  70  rh  =  0.400. 
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only if one assumes that the toxicity of mercuric chloride is a  function of the 
mercury ions present in the  solution.  The  variation of  the  concentration of 
mercury ions remains small even though the variation of  the concentration of 
the mercuric chloride is considerable, hence calculations according to Equation 9 
and Equation 7 yield equally satisfactory results.  For the ionization of mercuric 
chloride the  values of  Kahlenberg (34)  were  taken as  quoted by  Chick  (20). 
(CJ.  Table XII and Fig.  10.) 
Measurements made by Gregerson (35) on the action of phenol on staphylococci 
cover a  large  range of  concentration.  Neither  values calculated according to 
TABLE  XII 
Action of Mercuric Chloride on B. paratyphosus  (4a) 
Calculation of the time according to Equations 7 and 9, and of the resistance 
according to Equations 8 and 10. 
The disinfecting power  taken as proportional to  the Hg ++ concentration (to 
and r3. 
The disinfecting power taken as proportional to the adsorbed amount of Hg ++ 
(th and rh). 
a =  38  7  =  30  r, =  16.4  r~ =  0.353 
c  =  concentration of Hg++; figures are proportional to concentration of Hg ++. 
¢n  t  ~  th 
c  '~ =[~  (found)  (calculated) (calculated)  rc  rh 
mln.  min. 
63 
57.5 
42.5 
37 
23 
16.5 
0.678 
0.657 
0.586 
0.552 
0.433 
0.354 
m/n. 
1.5 
7 
13 
10 (?) 
65 
230 
6 
24 
33 
76 
236 
4 
14 
20 
55 
222 
21.4 
-45.3 
29.9* 
18.7 
16.4 
0.528 
0.169 
O. 540* 
0.396 
0.352 
* Calculated from values 2 and 4. 
Equation 7, nor those calculated according to the assumption that the toxicity 
is proportional to the adsorbed amount of phenol (Equation 9) fit the experimental 
curves.  The  deviation, which  is  comparatively small in  the  latter  case,  can 
tentatively be explained by the fact that in this case at high concentrations the 
toxicity of the phenol is not strictly proportional to the adsorbed amount because 
in the concentrations used (up to 3 per cent) hypertonicity of the solution due to 
the osmotic pressure of the phenol adds to the  toxic effect.  This explanation 
seems more probable than any assumption of the existence of a systematic error 
due to the fact that, if the time is very small, the error becomes very great for 
the time required to establish equilibrium through diffusion is then of the same 
order as the survival time, namely a few seconds.  (Cf. Table XIII and Fig. 11.) L.  gsI~m~  431 
It is of interest to note that the agreement between experimental and calculated 
values is good in the case of silver nitrate and paratyphoid bacilli, although the 
range of the variation of the concentration is greater than in the case of phenol 
Pee cent 
O.tO  T 
~  0.05 
0.01 ~:~  T 
o~'~  T 
I  °''  ....  L.__I___ L___L__..I,,__ 
l"~in.  50  100  150  800  250 
Time 
Fie. 10  Curves showing the relation between concentration of HgClu and time 
of survival for the case of mercuric chloride and B. paratyphosus (4 a).  Curve 
( .....  ),  time  plotted  against  HgC1,  (parts in  100).  Curve  (  ),  time 
plotted against numbers proportional to Hg ++ concentration. 
o  =  experimental values. 
T  =  calculated values; disinfecting power taken as proportional to the concen- 
tration of Hg ++ (Equation 7).  a  =  38  r,  =  16.4. 
×  =  calculated values; disinfecting power taken as proportional to the adsorbed 
amount of Hg  ++ (Equation 9).  ~  -- 30  a  -- 38  rh  =  0.353 
For numbers proportional to the Hg  ++ concentration, see Table XIV. 
and staphylococci.  The probable reason for this is that the osmotic effect of the 
highest concentration of silver nitrate is still negligible. 
It has been mentioned above that, in  the case of hemolysis by saponin and TABLE  XIII 
Action of Phenol on Staphylococci  (35) 
Calculation of the time according to Equations 7  and 9  and of the resistance 
according to Equations 8  and 10. 
Disinfecting power taken as proportional to the concentration (t, and r~). 
Disinfecting power taken as proportional to the adsorbed amount  (tA and rA). 
a  =  50  ~  =  0.1  re =  0.490  rh =  0.8330 
per ceag 
3.0 
2.5 
2.0 
1.75 
1.50 
1.25 
1.00 
0.875 
0. 750 
0.625 
0.500 
C~t 
cn +'r 
1 
(found)  ,Iht 
lwit~. 
O. 9677  O. 187 
0.9615  0.375 
0.9523  1.0 
0.946  1.5 
0.937  3.0 
0.926  8.0 
0.909  20.0 
O. 897  30.0 
0.882  75.0 
0.861  90.0 
0.8333  300 
t¢ 
(calculated) 
mls. 
11.3 
25.6 
34.7 
45.8 
60.0 
79.8 
93.9 
113.8 
146 
277 
th 
(calculated) 
m/n. 
2.5 
6.3 
9.0 
12.8 
18.8 
28.8 
37.4 
50.7 
78.7 
305 
-- 133  0.73 
--38  0.22 
--27  0.31 
--6.7  0.66 
--1.14  0.82 
0.077  0.84 
0.31  0.84 
0.67  0.87 
0.27  0.80 
0.50  0.83 
lisp cerJ.t 
,:3.0t 
2.5  4 
EC  ~-  r 
1.~  -x  v 
~ 
T 
1_0  ,  v 
I  *  [ 
" Min.  30  O0  90  120  150  180 
"lime 
!  I  1 
glO  240  270  300 
Fro.  11.  Curve showing  the relation between concentration and time for  the 
case  of  phenol  and  staphylococci  (35). 
o  =  experimental values. 
T  =  calculated values, disinfecting power taken as proportional to the concen- 
tration.  (Equation  7).  a  ffi  50  ro  =  0.490. 
x  ffi calculated values; disinfecting power taken as proportional to the adsorbed 
amount  (Equation  9).  v  "~  0.1  a  =  50  r~  ffi  0.8330. 
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other agents, Ponder (27, 28) ~ has derived equations which he has tested on exact 
measurements of his own.  It was of interest to see  whether or not Equations 
7 and 9 would give satisfactory agreement with the experimental values in this 
case also.  Moreover, to test the equation on Ponder's measurements was interest- 
ing, because the material used in his experiments is so very different from the 
microorganisms  and disinfecting  agents which have been discussed and also because 
Ponder and Yeager's (28) measurements were much more exact than those made 
on disinfectants.  In Table XIV  the  results of  the  calculations are  compared 
with  the  experimental data.  Values calculated according to  Equation 9  gave 
very  good  agreement  with  the  experimental  data,  whereas  values  calculated 
according to  Equation 7  showed  a  systematic deviation from  the  experiments 
TABLE  XIV 
Action of Saponin on Mammalian  Red Cells (28) 
Calculation of the average time according to Equation 9 and of the resistance 
according to Equation 10. 
a=  4  "r =0.005 
Ca  tmed.  treed. 
c  ~  ffi c. +..l_~  (found)  (calculated)  (fror~n~%dnd .) 
per cent 
0.00125 
0.00143 
0.00167 
0.00200 
0. 00250 
0. 00333 
0. 713 
0. 741 
0. 769 
0.800 
0.834 
0. 870 
mln. 
7.91 
5.50 
4.17 
2.87 
1.73 
0.95 
rain. 
5.51 
4.02 
2.83 
1.83 
1.00 
0.681 
0. 677 
0.680 
0. 680 
0. 679 
Average rm~i. =  0. 679 
and hence were omitted from the table.  Equation 7 was not applicable, although 
the range in which the concentration varied was comparatively small.  This is 
probably due  to  the  fact  that  saponin is high in capillary activity, hence the 
adsorption is not proportional to the concentration even at low concentration.  6 
(b)  In analogy to  the  theoretical  mortality-time curves,  one  can construct 
a set of theoretical concentration-time  curves by measuring the time in units of a 
and the toxicity in units of r  (the  constant resistance).  If  7  is very great,  h 
becomes proportional to  the  concentration.  The  shape  of  this curve together 
5 1 am indebted to Dr. Ponder for calling my attention to his interesting papers 
and for discussing them with me. 
6 treed,  was  interpolated in this  case. 434  TOXICITYt RESISTANCE, AND TIME OF SURVIVAL 
with that calculated for a  moderate "r is given in Fig. 12 and the corresponding 
calculated values in Table XV. 
=  3 
.2 
8  2 
1  2 
33me in arbitrary  units 
FIG. 12.  Curve showing the theoretical relations between time and disinfecting 
power, the latter measured in multiples of the constant resistance, the time being 
measured in units of a  (a  =  l). 
---T  the disinfecting power taken  as  proportional  to  the  concentration 
(Equation  7). 
.....  x  the disinfecting power taken as proportional to the adsorbed amount 
(Equation 9). 
The shapes of the concentration-time curves are different for different organ- 
isms and toxic agents and are characteristic for a given organism and toxic agent. 
The shape is determined by the constants, a, "r, and r.  ~, determines mainly the L.P.E~a  435 
slope of the vertical branch of the curve, while r  determines the position of the 
horizontal branch. 
It is difficult to test Equation 2 for cases in which the toxic agent is injected 
into higher animals, for the relation between toxicity (h)  as defined in this paper 
and the dose is not known.  It seems to be hazardous to make any assumption 
about  this  relation  since  the  conditions  are  certainly  very  complicated. 
Mechanical distribution in the blood stream, diffusion through the tissue, specific 
site of noxious action, excretion, and chemical transformation should be taken 
into consideration.  The shape of the dose-time curves must, however, be slmilar 
to that of the curves given in Fig.  12. 
TABLE  XV 
Relation between Time and Disinfecting Power 
Disinfecting power taken as proportional to concentration (c). 
Disinfecting power taken as proportional to the adsorbed amount (h). 
~,  =  1  a  =  1  rc  =  0.110  rh  =  0.099 
Cl  --  re  Cn  ,  hi  -- rl 
¢  log~.  -- t"-------'C  ]~"  =  C•  -l- 7  zog~--~k 
9 
4 
2.33 
1.50 
1.00 
O. 667 
O. 428 
O. 250 
0.111 
0.358 
0.602 
O. 807 
1.000 
1.202 
1.447 
1.803 
3.95 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0577 
0.125 
0.204 
0.300 
O. 425 
0.600 
0.900 
2.904 
IV.  Variation of Percentage Mortality  (Probability  of Resistance)  with 
Variation of the Concentration, If the Time and 
Temperature  Are Constant 
It appears from Equation  2 that if the time is constant, the differ- 
ence between toxicity and  resistance  must  remain  constant,  that  is, 
changes  in  the  toxicity involve equal  changes  in  the  resistance.  If 
t.  =  h  Equation  3  can  be written  as  m 
hi  --  rl 
(11)  -- =1  and  ht--hn=rl--r~ 
h. -- rn 
or 
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Since in this case the percentage mortality is the expression of the probability 
that all the organisms present have a resistance equal to or smaller than the toxic 
power,  the mortality-resistance curve is a  symmetrical variation curve  (Gauss' 
probability  curve).  Consequently  the  percentage  mortality  plotted  against 
the toxicity must also result in a  symmetrical variation curve.  This, however, 
does not  necessarily hold  for  the mortality-concentration curves,  for as a  rule 
the concentration is not a linear function of the toxicity.  If the variation of the 
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FIG.  13.  Curves  showing  the  variation  of  the  percentage of Macrosporium 
killed by H2S at a certain time (36).  The asymmetrical mortality-concentration 
curve (-e-O-)  tends to become more symmetricalif  the mortality  is plotted against 
c 
the adsorbed amount ~  --  (X-.- X"). 
c+-r 
resistance in a group of organisms is small, the difference between the concentra- 
tion o£ the toxic agent which kills a detectable number of the organisms and that 
which kills all of them, will be small and in the corresponding range of concentra- 
tion the latter will be proportional to the toxicity.  In this case the mortality- 
concentration curve should be symmetrical.  If the variation of the resistance 
is great, the corresponding variation of the concentration will also be great and 
the toxicity will not be proportional to the concentration.  In this case the mor- 
tality-concentration curve should be asymmetrical. L. REINER  437 
Most of the mortality-concentration curves given in  the literature  are sym- 
metrical.  The asymmetry is certainly not great enough to offer an opportunity 
to test the validity of Equation 11.  McCallan and Wilcoxon (36)  have observed 
mortality-concentration  curves  which  were  asymmetrical.  In this  case,  if  the 
C 
percentage mortality is plotted against --  (where  ~/is estimated)  the asym- 
c+-r 
metry becomes less conspicuous (of. Fig.  13).  7 
V.  Variation  of the  Time with the  Variation  of the  Temperature  If the 
Concentration  and Resistance are Constant 
The effect of temperature on the survival time of organisms exposed to a toxic 
agent has been studied by  KrSnig  and  Paul  (1),  Chick (4),  Reichel  (19),  and 
others.  It was found more or less empirically that  the time is an exponential 
function of the  temperature  analogous  to  that  proposed  by Arrhenius  for the 
temperature  coefficient  of  the  velocity  constants  of  chemical  reactions.  In 
Equation 2, a  is the only constant which necessarily varies with the temperature. 
The reciprocal of a  has the character of a  velocity constant and  thus it is not 
surprising that it follows a law similar to that of the velocity constant of chemical 
reactions. 
For a temperature T and To 
hT, -- fro  t+K  to+K~ 
--=~  a  ao 
kT  --  rT 
Taking  into  consideration  that  kT  =  hTo  and  rr  =  rTo  and  assuming  that 
K  Ko one derives t  to  and if a  aoe  (r°-r)a 
a  ao  a  ao 
(12)  t =  toe  (T°-T)a 
which is the equation used by Chick, Reichel, and others. 
Table XVI and Fig. 14 show that in the case of the action of 1 per cent phenol 
on B. paratyphosus at different temperatures (Chick, 4a) the values of a  in Equa- 
7 After completion of the manuscript it was noted that unpublished experiments 
by A. C. White are quoted in the recently issued monograph by Clark (21).  In 
these, mortality-dose curves are compared with mortality curves plotted against 
a non-linear function of the dose.  The function used is similar to an adsorption 
isotherm.  It is  noted  that,  whereas  the  distribution  of survivals  is  normal if 
plotted against this function of the concentration, it becomes asymmetrical when 
it is plotted against the concentration.  This is a result which is in full agreement 
with the theory discussed in this paper.--At the time of proof-reading, appearance 
is noted of a theoretical consideration of the relationship of dose to time (Gehlen, 
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tion 12 are fairly constant.  The time calculated with the average of ~ is in satis- 
factory agreement with the experimental data.  According to these results, if all 
the  conditions except  the  temperature are kept  constant, the  survival time is 
determined by Equation 12. 
TABLE  XVI 
Time of Survival of B. paratyphosus Exposed to 1.0 Per Cent Phenol at Different 
Temperatures (  4a) 
Time calculated according to Equation 12. 
Temperature  Time (t)  Time 
(T)  (found)  a  (calculated) 
degrees absolute 
273.0 
279.0 
288.8 
289.5 
294.3 
300.5 
rain. 
1050 
226 
23.5 
27.0 
9.0 
3.5 
1.5 
17,830 
17,310 
16,520 
18,210 
17,430 
22,190 
m 
303.5  Average =  a  =  18,248 
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FIG. 14.  Curve showing the relation between temperature and time of survival 
for the case of the constant disinfecting power of 1 per cent phenol on B. paraty- 
phosus at different temperatures (4a). 
o  =  experimental values. 
x  =  calculated values on the basis of Equation 12 (cf. Table XVI). L.  REINER  439 
TABLE  XVII 
The Effect of Temperature on the Time of Survival of Anthrax Spores (37) 
Time calculated according to Equation 12. 
Temperature  Time (t)  Time 
(T)  (found)  a  an  (calculated) 
degrees absolute 
360.0 
363.4 
365.7 
367.2 
370.45 
374.2 
378.3 
fni~. 
90 
14.7 
8.7 
5.0 
3.16 
1.14 
0.43 
70,000 
54,041 
53,200 
42,848 
41,400 
39,791 
Average  =  a  =  50,213 
16.1" 
4.39 
1.85 
1.048 
0.316 
0.083 
0.019 
m/n. 
24.5 
10.3 
5.9 
1.8 
0.5 
0.11 
* This value was taken from Reichenbach's experiment (cf. Table VI, Fig. 5). 
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Fro, 15,  Curve showing the relation between temperature and time of survival 
for the case of the effect of heat on anthrax spores (37), 
o  =  experimental values, 
×  =  calculated values on the basis of the assumption that the disinfecting  power 
due to heat is constant (Equation 12),  Cf. Table XVII. 440  TOXICITY,  RESISTANCE,  AND  TIME  OF  SURVIVAL 
The l~illlng  of microorganisms  at high temperatures is usually considered as a 
result of killing power due to heat.  While it is questionable whether h, the killing 
power, is changed or not if all conditions except the temperature are kept constant, 
it is conceivable that the noxious action due to heat is a constant and that it is 
merely the constant a which decreases when the temperature increases and thus 
the time of survival is shortened. 
Survival times of anthrax spores  have been calculated  from experiments by 
Ballner (37) by calculating  first a for different time intervals and then the time 
with the average of a.  Values  for ~ for different  time intervals show a distinct 
trend possibly indicative of the fact that the disinfecting power is itself a function 
of the temperature or that the assumption  that K  =  K2 is not correct in this case. 
a  ao 
The deviation might, however, also be caused by a systematic error due to lack 
of precision in the determination of the time at which the exposure to this tem- 
perature has been discontinued.  (Cf. Table XVII and Fig.  15.) 
DISCUSSION 
In considering the agreement between experimental and theoretical 
values it must be remembered that  disinfection experiments are sub- 
ject to a  considerable experimental error, the  sources of which have 
been discussed extensively before.  Added to this is the fact that the 
theoretical  time  values  imply  that  the  probability  of the  resistance 
under consideration having the assumed value is 1.  This probability 
can  only  be  approached  but  never  attained.  In  other  words  the 
theory of probability  ascribes  for the  nth  bacterium  of a  group  ar- 
ranged according to their resistance, a  definite resistance.  Whether, 
in a  certain determination,  the  nth organism  will actually have this 
resistance,  or  a  different  one,  cannot  be  predicted.  It  will  depend 
on the errors of the method which have themselves the  character of 
probable  errors  and  cannot  be  distinguished  from  the  actual  varia- 
tions  of the  resistance  which  also  follow the  probability  rule.  The 
error will be especially great when  the concentration approaches the 
threshold  value  of the  resistance,  for a  very small  deviation  in  the 
percentage  mortality  will  produce  a  considerable  variation  in  the 
time.  However,  the  slope  of  the  curve  at  this  point  is  practically 
zero  and  thus  the  calculated  and  experimental  points  will  still  fall 
on the  same  curve.  This is  the  reason why the  agreement  appears 
to  be much  better according to  the  curves given in  this  paper  than 
according to the  tables. L.  REIN~.R  441 
It must  also remain  undecided whether the variation of the resist- 
ance  in  a  group  of organisms  is  actually  due  to  the  fact  that  the 
resistances  of  individual  organisms  are  different  and  distributed 
according to the probability rule or due to the fact that  the process 
of dying lacks precision and causes the time of survival to be different 
although  the  resistance  of the  organisms  is the  same.  If the  latter 
were the case, and if an experiment  could be repeated with one and 
the same organism several times, it should lead each time to a different 
result and the distribution  of the observed times should be the same 
as  that  which  can  be  observed in  one  experiment  with  a  group  of 
organisms (this could be achieved in a case in which the noxious action 
is reversible; i.e.,  narcosis). 
Any noxious agent acting on a unicellular organism can be character- 
ized by the value of three constants:  (1)  the resistance,  which is the 
threshold value of the toxic power which a certain organism can stand 
without a lethal effect,  8 (2)  the constant a  which determines the time 
which is required for the completion of the destruction of the organism 
if  the  difference  between  the  toxicity  and  the  resistance  is  unity. 
Thus,  two agents which kill an  organism  in  the  same  concentration 
at  the  same  time  are  not  necessarily  identical.  Their  apparently 
similar behavior might have different causes.  Against the first agent, 
the  organism  in  question  might  have  a  very low resistance  but  the 
value  of  the  constant  al  might  be very great.  Against  the  second 
agent, the resistance of the organism might be very high but a~ might 
be very small.  If the constant a is very large it is customary to speak 
about a  slow disinfecting agent.  If a large a is combined with a large 
variation  of the resistance,  most of the organisms will be killed pro- 
vided  that  the  observation  is  extended  for  a  sufficiently long  time, 
but some might  survive.  They start  to  propagate  but most of the 
newly  formed  organisms,  being  exposed,  will  also  succumb.  A 
stationary state may develop.  Agents having this effect on bacterial 
suspensions are called  growth-inhibiting  agents.  It seems that there 
is no  fundamental  difference between them  and  disinfecting  agents. 
Although  in  general  (e.g.,  for  higher  organisms)  there  is  no  way to 
measure  the  toxicity and  thus no way to measure  the  resistance,  in 
8  The damaging effect of sublethal  concentrations of certain  agents seems to 
play an important  r61e in the action of the so called chemotherapeutic agents. 442  TOXICITY,  RESISTANCE,  AND  TIME  O1  •  SURVIVAL 
the case of unicellular organisms it seems that the toxicity is a function 
of  the  concentration  which  is  similar  to  an  adsorption  isotherm. 
Since thus the relation between toxicity and concentration is known, 
the toxicity and resistance can be expressed in terms of concentration. 
(3) In order to be able to calculate the toxicity from the concentration 
even in arbitrary units the knowledge of a third constant 7 is required. 
The value -y indicates whether at the concentration in  question the 
organism is nearly saturated with the agent or whether around this 
concentration the agent is bound proportionally to the concentration. 
Thus,  two  agents which would kill a  certain  organism in  the  same 
concentration and in the same time need not be identical even though 
the  constant a  is  the  same,  for the one  agent might  be  a  strongly 
noxious agent but scarcely bound at all, whereas the other might be a 
weakly noxious agent but very well adsorbed. 
These  examples  illustrate  the  interesting  possibilities  which  are 
offered by the application of Equation 2 to the characterization and 
test of toxic agents.  A discussion of the practical application together 
with criticism of present methods based on the viewpoints presented 
in this paper will appear later. 
It is to  be expected that the given relationship can be applied to 
various  biological  and  pharmacological  phenomena,  the  common 
feature of all of which is the existence of a time factor and of a thresh- 
old value. 
SUMMARY 
1.  A relation between toxicity, resistance, and time of survival has 
been derived on the basis of the assumption that the time is a function 
of a  parameter which is the difference between the toxicity and the 
resistance.  Toxicity and resistance act like forces which can maintain 
an equilibrium-like (or stationary) state.  If the equilibrium is upset, 
the  time  at  which  the  event  (death)  occurs is  proportional  to  the 
logarithm of the difference between toxicity and resistance. 
2.  It  was found that  if values  proportional  to  the  resistance  are 
calculated with the proposed equation and the percentage mortality 
plotted against  them  (instead of against the time as is usual)  sym- 
metrical curves are obtained even though the corresponding mortality- 
time curves are asymmetrical.  Assuming that the resistance varies X.. I~r~ER  443 
like an error, that is, according to probability rules, theoretical mor- 
tality-time curves,  similar  to  the  experimental curves,  can  be  con- 
structed  from  the  proposed  equations. 
3.  In  the  case of a  toxic agent  acting on  a  unicellular organism 
suspended in  solution,  the  toxicity is  proportional  to  the  adsorbed 
amount  of  the  agent,  as  calculated with  the  aid  of  the  Langmuir 
equation.  In  small  concentration ranges the toxicity can be  taken 
as approximately proportional to  the concentration. 
4.  The variation of the temperature affects mainly the constant a 
which is a  function of the temperature similar to that of the velocity 
constant  of a  chemical reaction  (Arrhenius'  law). 
5.  The proposed equation has been tested in four different combina- 
tions of the variables,  concentration, resistance,  time, and tempera- 
ture.  The agreement with the experiments is satisfactory. 
6.  Any noxious  agent  acting  on  a  unicellular  organism  may  be 
characterized  by  three  constants: r,  the  resistance,  which  is  the 
threshold value at which the agent is still fatally toxic for the organ- 
ism; a, the reciprocal of the rate constant determining the specific rate 
(that  is,  the  time  corresponding  to  a  difference of  1  between  the 
toxicity and the resistance); and finally the constant 7 of the function 
representing the relation  between toxicity and concentration. 
The  writer  is  indebted  to  Miss  Alma  J.  Champlin  for  valuable 
assistance  in  the  collection of  experimental data,  calculations,  and 
preparation of the manuscript. 
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